Introduction {#sec0005}
============

The shoulder is the joint with the greatest range of motion of the human body and, in order to function properly, it is imperative that all articular and periarticular structures are in anatomical positions.[@bib0150], [@bib0155], [@bib0160], [@bib0165], [@bib0170], [@bib0175] Bone anatomy plays a fundamental role because it is the basis for the origin and insertion of all other tissues, such as cartilage, labrum, ligaments, muscles, and tendons. Changes in the bone structure cause a biomechanical imbalance, with alterations in joint congruence as well as in muscle length and angulation, leading to shoulder girdle dysfunction.[@bib0165]

Bone deformities at the proximal end of the humerus can be traumatic (fractures) or degenerative (arthrosis). For the adequate treatment of these deformities, it is important to have a clear understanding of the anatomical changes through imaging tests. Simple radiography is limited, as it only provides a two-dimensional image.[@bib0180] Computed tomography with three-dimensional reconstructions allow a more detailed evaluation of the bone anatomy, but still presents limitations, such as limited accuracy and magnification of the exam; moreover, it does not allow the manipulation of the studied structure.[@bib0185], [@bib0190]

Rapid prototyping is a method that makes real three-dimensional models based on virtual three-dimensional models.[@bib0195], [@bib0200] It uses synthetic models to produce an accurate three-dimensional copy of the bone anatomy. This technique was developed in the 1980s and was initially used for industrial purposes and for detailed reconstructions of complex sculptures.[@bib0185] In the healthcare area, it is known as Medical Rapid Prototyping (MRP) and is most commonly used in oral and maxillofacial surgeries and neurosurgeries.[@bib0205] The first prototyping reconstructions were used for oral and maxillofacial reconstructions in the early 1990s; they began to be used in orthopedic surgeries at the end of that decade.[@bib0210] Nowadays, the biomedical use of prototyping already represents approximately 10% of the total market for the use of this technology, especially in oral and maxillofacial reconstruction and neurological surgeries;[@bib0200], [@bib0210] it has even been used in the preparation of guides for placing screws that were planned preoperatively.[@bib0215], [@bib0220]

In orthopedics, prototyping can be used from the treatment of fractures and malunion to the planning of orthopedic ortheses.[@bib0210], [@bib0190], [@bib0225], [@bib0230] The technique has two stages: virtual (three-dimensional image) and physical (model manufacture). Initially, a computerized image of the structure to be studied is made; subsequently, the physical model is then manufactured by using computer-aided design (CAD) through the deposition of synthetic material.[@bib0195], [@bib0200], [@bib0235], [@bib0240]

With the aid of the synthetic models produced through the prototyping technique, the surgeon can make a precise preoperative plan[@bib0190], [@bib0245] by performing the technique on the prototype before the actual surgery or even by using the prototype in the intraoperative period, since the three-dimensional models produced from polyamide can be autoclaved.[@bib0250]

In this study, the authors describe five clinical cases in which the prototyping technique was used to study bone deformities of the shoulder. The goal is to promote and provide orthopedic surgeons with a more efficient and affordable method of surgical planning.

Material and methods {#sec0010}
====================

The authors report five cases of patients in which three-dimensional prototyping was used. The objective was not to analyze the final result, but rather to demonstrate how prototyping can help in the diagnosis, understanding of the lesions, and surgical planning.

Case 1 -- a patient with glenohumeral arthrosis due to chondrolysis caused by metallic anchors after shoulder instability repair. Case 2 -- an 11-year-old patient with varus deformity of the proximal humerus due to a physeal bar, a sequela of an epiphyseal fracture. Case 3 -- a patient with malunion of the proximal humerus, a sequela of a four-part fracture, impacted in valgus. Case 4 -- a proximal humerus fracture, secured with a locking plate, with severe stiffness and step-off articular deformity. Case 5 -- a patient with degenerative arthropathy of the rotator cuff, with posterior glenoid erosion. Three-dimensional solid models of the involved joints were made based on tomographic sections that were then analyzed using a specific software.

Results {#sec0015}
=======

Case 1 {#sec0020}
------

A 32-year-old male patient had undergone right shoulder video arthroscopy at another medical facility, five years earlier, due to recurrent dislocation. At the time, a capsuloplasty was done and the labrum was reinserted with metal anchors. After surgery, the patient presented with pain and limited range of motion. He evolved with mild pain but had significant loss of internal and external rotation. Imaging exams indicated glenohumeral arthrosis with humeral osteophytes that involved the glenoid ([Fig. 1](#fig0005){ref-type="fig"}A). Prototyping was performed to better understand the deformity and to plan a possible surgical treatment with osteophyte removal. As the loss of sphericity of the humeral head ([Fig. 1](#fig0005){ref-type="fig"}B) was demonstrated, the only possible surgical treatment would have been partial shoulder arthroplasty. As the patient\'s symptoms were mild, the authors opted for a waiting attitude.Fig. 1(A) Computed tomography demonstrating severe glenohumeral arthrosis after arthroscopic treatment of anterior shoulder instability; (B) three-dimensional prototyping demonstrating loss of sphericity of the humeral head.

Case 2 {#sec0025}
------

An 11-year-old male patient reported a progressive loss of left shoulder range of motion with arm shortening ([Fig. 2](#fig0010){ref-type="fig"}A). He had a history of shoulder trauma: a fall from a tree four years before. Since then, he was followed-up by a pediatric orthopedist. Imaging tests indicated an important varus deformity of the proximal humerus, due to a physeal bar in the medial part of the proximal humeral physis ([Fig. 2](#fig0010){ref-type="fig"}B). Prototyping was used to plan a corrective osteotomy and the implant to be used. The physeal bar was removed with fat interposition; a valgus osteotomy was performed with a lateral subtraction wedge, secured with a locking pediatric hip plate ([Fig. 2](#fig0010){ref-type="fig"}C).Fig. 2(A) Patient with loss of range of motion of the left shoulder and shortening of left arm; (B) three-dimensional prototyping for surgical planning; (C) intraoperative fluoroscopy of the surgical procedure.

Case 3 {#sec0030}
------

A 69-year-old female patient, who had sequelae from a fracture of the proximal end of the left humerus that had occurred six months before, presented with pain and functional limitation in the shoulder. On radiographic imaging, fractures of the greater tubercle were diagnosed, with a small posterosuperior deviation and as well as the surgical neck with valgus deviation. In this case, the contralateral side was prototyped using a mirror tomography of the right humerus ([Fig. 3](#fig0015){ref-type="fig"}[A--]{.smallcaps}C). As the greater tubercle deformity was very large in several planes, the rotator cuff was disinserted; subsequently, a tubercleplasty was performed and the tendons of the rotator cuff reinserted.Fig. 3(A) Malunion of fracture of the proximal end of right humerus; (B) three-dimensional prototyping showing large deformity; (C) three-dimensional prototyping mirrored of the contralateral shoulder.

Case 4 {#sec0035}
------

A 59-years-old male patient had suffered a fall from a height, which caused a four-part fracture of the proximal end of the humerus, according to Neer\'s classification; he underwent open reduction and fixation with a locking proximal humeral plate. He evolved with pain and limited passive range of motion, mainly of internal rotation. The prototyping evidenced an anterior step-off in the humeral head, blocking mobility ([Fig. 4](#fig0020){ref-type="fig"}A and B). An arthroscopy was performed to resect the step-off using a bone shaver tip; a 360° capsulotomy was also performed.Fig. 4(A) Computed tomography demonstrating articular deformity; (B) prototyping demonstrating mobility locking by the bone.

Case 5 {#sec0040}
------

A 73-years-old female patient with degenerative arthropathy of the rotator cuff on the right shoulder had a posterosuperior erosion of the glenoid ([Fig. 5](#fig0025){ref-type="fig"}A). Prototyping was performed to plan a glenoid graft. The patient underwent a reverse prosthesis with an L-shaped iliac bone graft in the glenoid, which modeled the erosion ([Fig. 5](#fig0025){ref-type="fig"}B).Fig. 5(A) Degenerative rotator cuff arthropathy and prototyping evidencing posterosuperior erosion of the glenoid; (B) reverse arthroplasty with L-graft modeling the erosion.

Discussion {#sec0045}
==========

The treatment of complex fractures and malunion of the humerus presents unpredictable and poor results.[@bib0150], [@bib0155], [@bib0160], [@bib0165], [@bib0170], [@bib0175] Corrective osteotomies are often necessary, and it is difficult to know where and how to perform them three-dimensionally.[@bib0155], [@bib0160], [@bib0170], [@bib0175], [@bib0185] Imaging tests are limited, as they do not allow a free handling of the part studied. The use of software with three-dimensional correction is useful as a simulation of the procedure,[@bib0185], [@bib0190], [@bib0245] but this understanding is two-dimensional, as the model is shown through a computer screen, which hinders the understanding of the injury\'s complexity. Rapid prototyping is an interesting option for such cases, as it allows a perfect understanding of bone deformities.

Some of the main advantages of these models are the better understanding of the configuration of the fracture or deformity; sense of depth of the structures, which is not available in imaging exams, an opportunity to manipulate the lesion and operate on the model before doing surgery on the patient, which from a preoperative planning standpoint is incomparable to traditional designs or even to the reproduction of the surgery using specific software; reduction of surgical time with consequent reduction of blood loss and risk of infection; possibility of achieving a more anatomical reconstruction; and finally, opportunity to use the prototype intraoperatively, as the material can be sterilized.[@bib0180], [@bib0185], [@bib0190], [@bib0205], [@bib0210], [@bib0255]

Prototyping may also aid in the planning of surgeries through contralateral symmetry, as demonstrated in Case 3, where the opposite humerus was prototyped based on a mirror tomography. In such a case, the surgeon can have an exact notion of bone deformities of the proximal humerus, since the prototype of the contralateral side, mirrored, is available for handling.

Varus deviation of the humeral head, for example, is a common finding in sequelae of proximal humeral fractures and may cause limitation of shoulder elevation, flexion, and abduction.[@bib0165] Malunions with deviations above 20°, as observed in Case 2, should be corrected, as they are not well tolerated by patients.[@bib0260], [@bib0265] The authors believe that, in these cases, prototyping can be of even greater help because, in addition to providing a more detailed anatomical study, it is also possible to plan and perform the osteotomies before the surgical procedure and then reproduce them intraoperatively; it even makes it possible to estimate the size of the implants that will be used and their placement, which can decrease surgical time and possible measurement errors.

Recently, Iannotti et al. reported difficulty in assessing glenoid deformities and the possibility of early release of poorly implanted glenoid components.[@bib0215] In that study, the authors used prototyping to prepare a guide made with a Kirschner wire and bone cement (polymethylmethacrylate) before the surgical procedure to aid in the permanent drilling of the central peg of the glenoid implant, minimizing the chance of incorrect positioning.

Three-dimensional prototyping also has an excellent indication for acute fractures, as it shows surgeons the deviations of the bone fragments, allowing them to visualize and handle the reductions that will be needed and to measure the size of the implants that will be used. Resch et al.[@bib0270] used prototyping models in a classification study of acute fractures of the proximal humerus. Brown et al.[@bib0245] even hypothesized that rapid prototyping will be the future of trauma surgery, as it is possible for the surgeon to benefit from handling the fracture before operating on it, as this facilitates the conceptualization and understanding of the injury patterns, particularly in cases of the spine and acetabular fractures.

In the present study, no reproductions were made with other bone structures; however, the literature features several reports on the use of this technique in other regions, such as the hip and the spine.[@bib0190], [@bib0275], [@bib0280], [@bib0285] Certainly, prototyping can be used in any bone structure in which computed tomography is done.

Currently, osteosynthesis material can already be prepared with the aid of prototyping,[@bib0290] which allows the pre-modeling of plates, creation of customized orthoses, and planning for the best positioning and screw size.

Conclusion {#sec0050}
==========

The authors believe that the prototyping technique is a useful method for reproducing bone changes in deformities and deviations of the proximal and glenoid humerus, allowing more accurate preoperative planning and minimizing the complications resulting from the difficult three-dimensional understanding of such alterations. The present study has limitations due to the small number of cases and the absence of a control group; more investigation is needed in order to determine its clinical value.

Conflicts of interest {#sec0055}
=====================

The authors declare no conflicts of interest.

Study conducted at Grupo de Cirurgia de Ombro, Santa Casa de Misericórdia de Porto Alegre, Porto Alegre, RS, Brazil.
